Abstract. Postmortem brain tissues of 21 cerebral malaria cases were obtained in Myanmar and Vietnam. The tissues were examined by light microscopy and by an immunohistochemical method. Brain microvessels (capillaries and venules) were examined for the presence of immunoglobulins IgE and IgG, Plasmodium falciparum antigen, and parasitized erythrocytes (PRBC). Deposition of IgE, IgG, and P. falciparum antigen was observed in the microvessels from all specimens examined. Sequestered PRBC in the microvessels were positive for IgG in all 21 cases and for IgE in six cases. In the latter cases, the percentage of microvessels with sequestered PRBC was Ͼ 50%, with the frequency of IgE-positive cells ranging from 42% to 52%. In contrast, in five cases that were only weakly positive for IgE, the percentage of microvessels with sequestered PRBC was remarkably low (Ͻ 1%). These data indicate that the degree of deposition of IgE in microvessels and on PRBC from cerebral malaria patients correlated with that of PRBC sequestration. As IgE-containing immune complexes are known to induce local overproduction of tumor necrosis factor-alpha (TNF-␣), a major pathogenic factor in cerebral malaria, IgE may contribute to the pathogenesis of this severe disease.
INTRODUCTION
Cerebral malaria is characterized by unrousable coma not attributable to other causes, and is one of the most serious complications in Plasmodium falciparum infection. 1 It is a major cause of death in children and non-immune adults. 2 Multiple factors, such as sequestration of parasitized erythrocytes (PRBC) and blockage of cerebral microvessels by PRBC, 3, 4 deposition of immune complexes in cerebral microvessels, 5 altered humoral or cell-mediated immune responses, and action of tumor necrosis factor-alpha (TNF-␣) 6, 7 are known to contribute to the pathogenesis of human cerebral malaria. However, the mechanisms underlying the pathogenesis have not been well characterized.
The sequestration of PRBC is due to their adherence to cytoadhesion molecules such as CD36, thrombospondin, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, and chondroitin sulfate on the endothelium of microvessels. Thus, sequestration of PRBC depends on the number or type of the cytoadhesion molecules induced in the course of infection by stimulation of upregulating factors, including cytokines such as TNF-␣ 4, 8 Tumor necrosis factor-alpha release is considered to be caused by activation of cells such as monocytes by parasitederived ''toxins'' containing glycosylphosphatidyl inositol (GPI). 9, 10 However, IgE complexes with antigen or with IgG anti-IgE may also induce TNF-␣ release from certain cell types equipped with Fc (fragment, crystalline) receptors for this immunoglobulin isotype. 11 The expression on monocytes of CD23, a low affinity Fc-receptor for IgE, correlates with IgE elevation occurring in the course of parasitic infections. 12, 13 In line with this, sera from malaria patients were found to induce TNF-␣ release from monocytes in vitro in an IgE-dependent reaction. 13, 14 Immunologic studies have established the occurrence and possible role of IgE in the development of immunity in falciparum malaria, especially in pregnant women and patients with cerebral malaria. In infected pregnant women, P. falciparum-specific IgE antibodies have been demonstrated in maternal and cord sera, and their levels were inversely related to placental parasitemia 15 so that as anti-parasite IgE antibodies increased and placental parasitemia decreased proportionally. Immunohistochemical investigations also revealed deposition of IgE in fetal placental vessels which correlated with low parasitemia in the intervillous space. l6 These findings suggest that anti-P. falciparum IgE antibodies may play a role in protecting the placenta from the malarial parasites. Cerebral malaria patients also had significantly higher IgE and anti-parasite IgE antibody levels than those in uncomplicated disease, l3,17 thus providing a possible link between IgE and TNF-␣ in pathogenesis. However, as these patients have 1,000 times more IgG-than IgE antibodies to P. falciparum, a question arises if the latter is present in sufficient concentrations to induce TNF-␣ in competition with the IgG antibodies reacting with the same parasite antigens. Previous investigations of the brain in cerebral malaria patients have shown deposition of P. falciparum antigen, IgG, and C3 along the basement membrane of microvessels, 5 but these latter agents are not known to induce TNF-␣. Therefore, we examined IgE deposition in brain microvessels and on PRBC sequestered therein, and a possible correlation between the degree of IgE deposition and the degree of microvessels with PRBC sequestration in cerebral malaria patients.
MATERIALS AND METHODS
Postmortem brain tissue of 21 severe Plasmodium falciparum malaria cases was collected in two countries, Myanmar and Vietnam. The patients (mean age, 30 years; range, 16-66 years) were from hyperendemic regions and had various degrees of immunity to P. falciparum, various parasitemia levels, a variety of neurologic signs, and all eventually developed comas of different degrees before death. They were treated with quinine or artemisinin. Control samples of brain tissue from postmortem autopsies were taken from individuals who died from causes other than malaria.
Cut brain sections were fixed in 10% buffered formalin for 24 hr, embedded in paraffin, sectioned at 3 m thickness, stained with hematoxylin and eosin, and examined by light microscopy. Sequestration of PRBC was quantified by examining 500 microvessels (capillaries and venules) per specimen and was expressed as the percentage of microvessels with sequestered PRBC as determined in previous investigations. 2, 18, 19 To examine the deposition of IgG, IgE, and P. falciparum antigens, an avidin-biotin peroxidase complex method (ABC) was applied to the paraffin-embedded cerebral tissues. Deparaffinized sections were incubated for 1 hr at 37ЊC with pepsin (1 mg/ml in 0.5 M acetic acid). The endogenous peroxidase activity was blocked by incubation for 30 min in 0.3% H 2 O 2 . Nonspecific binding was blocked by a 1 hr incubation with 10% normal goat serum in 0.05 M Tris-buffered saline (TBS). The sections were then incubated for 1 hr with rabbit anti-human IgG (Calbiochem-Behring, La Jolla, CA), anti-human epsilon chain of IgE (Miab, Uppsala, Sweden) or anti-P. falciparum antigens as previously described. 2 Antisera against human IgG, IgE, and P. falciparum antigens were used at dilutions of 1:200, 1:100, and 1: 300 with 1% bovine serum albumin in TBS, respectively. After rinsing with TBS and incubation with biotinylated antirabbit IgG (Vector Laboratories, Burlingame, CA) for 1 hr at a dilution to 5 g/ml, the sections were rinsed again with TBS and incubated with ABC complex (Vector Laboratories). After the sections had been thoroughly washed, they were stained with diaminobenzidine tetrahydrochloride (0.1 mg/ml in 0.05 M Tris buffer, pH 7.6, containing 0.2 l of H 2 O 2 ; Sigma, St. Louis, MO). The sections were counterstained with 1% methyl green, dehydrated, and mounted with Entelln neu (Merck, Darmstadt, Germany). As a negative control, normal rabbit serum was used as the first antibody. In addition, brain sections from malaria-negative specimens that were collected at the Fujita Health University 
Pf ϭ Plasmodium falciparum antigens; PRBC ϭ parasitized erythrocyte; ϩ ϭ weak deposition; ϩϩ ϭ strong deposition.
Hospital (Toyoake, Japan) were tested for the presence of IgE, IgG, and P. falciparum antigens.
RESULTS AND DISCUSSION
Malaria parasites were readily detected in the hematoxylin and eosin-stained sections from cerebral malaria patients. Some of the PRBC showed sequestration in microvessels and were marginated against the endothelial cells ( Figure  1a) . The frequency of microvessels containing sequestered PRBC ranged from 0.1% to 89% (mean 29%) ( Table 1) . A few endothelial cells were swollen but necrosis was rarely seen. Ring hemorrhages were observed in some sections.
Microvessels and PRBC therein were examined for the presence of IgG, IgE, and P. falciparum antigen. Deposition of IgG (Figure 1c) , IgE (Figure 1b) , and P. falciparum antigen was observed in microvessels from all specimens (Table 1). In five cases (numbered 1/91, 6/90, 8/90, 7/90, and 2/91), IgE deposition was weak (shown as ϩ), and this was also true for IgG in two of these cases (1/91 and 2/91), and for P. falciparum antigen in one of them (2/91). Noticeably, these five cases also had a low rate (Ͻ 1%) of microvessels containing sequestered PRBC (Table 1) . Control brain tissues from four malaria-negative patients exhibited no deposition of either immunoglobulins (Figure 1d) or P. falciparum antigen.
IgE deposition on sequestered and IgG-positive PRBC was strong (shown as ϩϩ) in six cases (9/90, 3/91, 199/91, 4/90, 2/90, and 5/90) ( Figure 1b, Table 1 ). In these cases, more than 50% of the microvessels contained sequestered PRBC, with frequencies of 42% to 52% of IgE-positive PRBC established by examining 500 PRBC per specimen. Taken together, these results revealed a correlation between the degree of IgE deposition on PRBC and their sequestration in cerebral tissue. As far as can be judged from our limited samples, the degree of IgE deposition in brain microvessels and PRBC tended to be correlated with the degree of coma, but there was no correlation to pathological changes of heart and kidney or to therapeutic methods.
The role of IgE in cerebral malaria is most likely associated with its capacity to induce TNF-␣ production by monocytes and possibly other cells through cross-linking of cellular CD23, the low affinity IgE Fc receptor. 13, 14, 20 Crosslinking of CD23 with IgE-containing immune complexes may then give rise to activation of the inducible nitric oxide synthase (NOS) and result in nitric oxide (NO) production. 11 Both NO and TNF-␣ may display protective as well as pathogenic functions in falciparum malaria. 21 In cerebral malaria, local overproduction of NO and TNF-␣ 22 may be initiated by deposition of IgE-containing immune complexes in cerebral microvessels. In this context, it is of interest that we have observed NOS activity in cerebral microvessels showing IgE deposition. Moreover, we have also found strongly NOS active and IgE positive PRBC in proportion to their sequestration in microvessels (data not shown). However, TNF-␣ and other cytokines may also directly induce release of NO. 23, 24 Moreover, Ghigo and others 25 recently demonstrated that Plasmodium-infected eryth-rocytes may themselves generate significant amounts of NO, probably by producing a soluble factor that induces NOS in endothelial cells. Taken together, these results suggest that both IgE dependent and IgE independent mechanisms may be involved in NO and TNF-␣ induction in the microvessels of cerebral malaria patients.
Recently, two studies showed the relationship between IgE and cytokine release and endothelial expression of cell adhesion molecules. 26, 27 Thus, the incubation of IgE-containing serum from atopic patients with antigen induced both a significant production of cytokines, e.g., TNF-␣ and IL1-␤, and increased expression of cell adhesion molecules (ICAM-1, VCAM-1, and E-selectin) in bronchial endothelium. 26 Similarly, levels of IgE in the sera from atopic patients were correlated with the levels of soluble E-selectin but not with those of soluble VCAM-1 and soluble ICAM-1. 27 Increased expression of such molecules may also be induced in brain microvessels by IgE deposition, which may be responsible for the correlation between PRBC sequestration and IgE found in this study. This would also be in line with our previous demonstration of the presence of these cell adhesion molecules in microvessels from patients who died from cerebral malaria. 28 In these cases, the presence of E-selectin positive tended to correlate with deposition of IgE in brain microvessels and on PRBC.
In conclusion, although our results revealed a correlation between PRBC sequestration and IgE deposition in brain microvessels and PRBC in cerebral malaria, it is uncertain whether IgE contributes directly to sequestration in these cases. Whether or not it does so in other forms of severe malaria remains to be established. However, the fact that the concentrations of IgE anti-malaria antibodies are also higher in severe malaria (non-CM) than in uncomplicated malaria 13, 29 suggests that this may be the case. It should be pointed out that this does not exclude the possibility that these antibodies may also be protective as suggested by the negative correlation between IgE anti-malaria antibodies and placental parasitemia. 16 Further studies are needed to clarify these issues.
